Two of the most popular generalized gradient approximations used in the applications of the density functional theory, PW91 and PBE, are generally regarded as essentially equivalent. They produce similar numerical results for many simple properties, such as lattice constants, bulk moduli, and atomization energies. We examine more complex properties of systems with electronic surface regions, with the specific application of the monovacancy formation energies of Pt and Al. A surprisingly large and consistent discrepancy between PBE and PW91 results is obtained. This shows that despite similarities found between some simple material properties, PBE and PW91 are not equivalent. The differences obtained for the monovacancy formation energies are related to differences in surface intrinsic errors which are substantiated using the idealized, well-controlled, jellium surface model. In view of the differences obtained with the PW91 and PBE functionals we develop separate surface intrinsic error corrections for these and revisit some earlier results.
I. INTRODUCTION
The Kohn-Sham ͑KS͒ density-functional theory 1 ͑DFT͒ is a widely used and successful method for electronic structure calculations. The accuracy of DFT calculations depends on the choice of approximation of the universal exchangecorrelation ͑XC͒ functional. Besides the simplest ͑but surprisingly effective͒ functional, the local density approximation ͑LDA͒, 1 many other functionals have been suggested. Among the most popular functionals today are two generalized gradient approximations ͑GGAs͒, PW91 ͑Ref. 2͒ and PBE, 3 of Perdew and co-workers. The purpose of this paper is to study an unexpected difference between these two functionals for applications where surface effects are present.
Despite the fact that PW91 and PBE have different analytical forms and are derived in different ways, it is a commonly held view that they are mostly interchangeable functionals and are expected to produce virtually identical results. The original PBE work presents a figure ͑Fig. 1 in Ref. 3͒ showing only minor differences between the exchange correlation refinement functions of the two functionals. Computer source code implementing PBE, distributed by Burke, states among its comments: "PBE is a simplification of PW91, which yields almost identical numerical results with simpler formulas from a simpler derivation." Test calculations on usual test systems, such as lattice constants, bulk moduli, and atomization energies, indeed give results that are essentially identical. Since the differences that do exist between the functionals do not have any impact on these simple test systems, the differences have been widely regarded as irrelevant. The view of PW91 and PBE as interchangable is so deeply rooted that many DFT codes implement only one of these functionals. Partially because of this, it is rare for papers to present results for both PW91 and PBE in otherwise equivalent calculations. It is thus hard to assess from the literature whether the functionals indeed give equal results beyond simple test systems. In this paper we show that PW91 and PBE do not give the same results for systems involving surfaces.
Based on the view of PW91 and PBE as very similar, it is a common practice to mix results from these functionals as if they were equivalent and to quote interchangeably, "GGA." While this might be justified for simpler properties, or if not too high an accuracy is needed, this practice, in general, is not well founded. While testing functionals for surface effects, 4 two of us ͑R.A. and A.E.M.͒ recently encountered differences between PW91 and PBE results much larger than differences obtained by using different codes and/or different types of pseudopotentials. In fact, PW91 and PBE results for the monovacancy formation energy can differ more than LDA and PBE results. It is thus not generally appropriate to quote just GGA for both PW91 and PBE results.
In Sec. II, we show that there is a significant difference between the PW91 and PBE computational results for the monovacancy formation energy of Pt and Al. It has previously been shown 5, 6 that the differences in monovacancy formation energies of metals obtained with different functionals is connected to how well the different functionals describe surfaces, that is, the size of their surface intrinsic error. In order to explore the differences of PW91 and PBE for surface properties we examine the idealized, well-controlled, jellium surface model 7 in Sec. III. We show that a discrepancy between PW91 and PBE results is also present in the jellium surface model and that PW91 and PBE, thus, have different surface intrinsic errors. Section IV quantifies the difference in surface intrinsic error between PW91 and PBE and revisits some previous results for monovacancy formation energies of metals where the surface intrinsic errors have been corrected. We end the paper with a summary and conclusions.
II. MONOVACANCY FORMATION ENERGIES
To ensure that the differences we obtain with PW91 and PBE are due to the functionals and not an artifact due to other errors, 8 we use several different codes with different pseudopotentials and basis sets in our calculations. We com-pute the lattice constant, bulk modulus, and monovacancy formation energies of Pt and Al. We take great care in converging all our results, with respect to basis sets and with respect to k points. To the maximum possible extent we treat all functionals the same within the same combination of code and type of pseudopotential.
We use three different DFT codes in our vacancy calculations. SOCORRO is a plane-wave pseudopotential DFT code, developed at Sandia National Laboratories. 9 For these calculations, norm conserving separable pseudopotentials are used. With the FHI98PP software package [10] [11] [12] we created both Trouillier-Martin 11 ͑TM͒ and Hamann 12 type pseudopotentials with the default settings and, for comparison, also TM type pseudopotentials intentionally made "harder" than default. VASP 13 is a widely used plane-wave pseudopotential DFT code. In the VASP calculations we use the provided projector augmented-wave ͑PAW͒ pseudopotentials 14 and, for comparison, we also used the provided ultrasoft ͑US͒ pseudopotentials 15 ͑which are not available for PBE͒.
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SEQQUEST is a contracted-Gaussian basis set pseudopotential DFT code 17 using norm-conserving nonseparable Hamann pseudopotentials. These pseudopotentials are generated using Hamann's GNCPP code ͑LDA͒ and the FHI98PP code ͑PBE and PW91͒. In all calculations the number of k points used are 4
3 for Pt and 6 3 for Al, which corresponds to 10 and 28 special k points, respectively, in the Monkhorst-Pack scheme. 18 Additional details of the calculations are given in the Appendix.
We first examine bulk properties of Pt and Al. Results for the equilibrium lattice constant a 0 and bulk modulus B 0 are shown in the upper two parts of Tables I and II. As mentioned above, the results of PW91 and PBE are virtually identical for these simple properties. Different pseudopotentials and different codes give very similar results. Since most pseudopotentials and code implementations typically are tested against these properties, this is expected.
We now turn to the monovacancy formation enthalpy
where E V and E are total energies for the system with and without a vacancy, and N is the number of atoms in the fully populated ͑perfect crystal͒ supercell. The results for the Pt vacancy are listed in the lower part of Table I . Although PW91 and PBE give similar results for the perfect Pt crystal, the computed vacancy formation energies with the two functionals are surprisingly different. Although the difference is not dramatic, it is significant, the PBE results being almost 0.1 eV larger than the PW91 results, and independent of code, pseudopotential, and basis set. The exception is the VASP PAW results where the difference is only 0.03 eV. 22 All of the results, LDA, PW91, or PBE, significantly underestimate the experimental vacancy formation energy of 1.35 eV. 20 The 64-site cells used here are too small for converged results for the Pt vacancy, but using larger cells results in even smaller computed vacancy formation energies. 6 Despite the fact that the bulk properties are converged, the electronic temperature, 0.015 Ry, used in the SOCORRO and one of the SEQQUEST calculations is too large for the vacancy calculations to be converged. In fact even the temperatures used in one of the VASP PAW calculations, 0.007 Ry, is too large. Reducing the temperature to 0.003 Ry, a more reasonable value, in the SEQQUEST and VASP calculations causes the vacancy formation energy to get ͑significantly͒ smaller, and away from experiment, rather than larger. The difference between PBE and PW91 results is still evident.
The SEQQUEST vacancy formation energies are substantially larger ͑and, hence, in better agreement with experiment͒ than results from the other codes. The local atomic orbital basis set used in these calculations has been augmented with an extensive set of floating orbitals ͑see the Appendix͒ to achieve basis convergence and, therefore, we expect that only a small portion of the difference is due to basis set insufficiency ͑less than 0.02 eV͒. The SEQQUEST vacancy calculations froze the volume of the vacancy cell at the optimal crystal volume, while the other calculations relaxed the volume of the vacancy cell. The volume relaxation reduces E V by less than 0.05 eV. Other differences between the calculations are responsible for the remaining discrepancy and will be the subject of another article. Despite these variations between the different calculations, the difference between the results with the PW91 and PBE functionals is the same. The variability in the monovacancy formation energies reported in Table I illustrates the point in Ref. 8 that it is important to document all salient details about a calculations for it to reproducible, and for the results to be potentially useful for later analyses such as this one.
In Table II , the results for Al are presented. Just as for Pt, the bulk properties using PBE and PW91 are essentially the same. But, once again, the PBE and PW91 values for the monovacancy formation energy are different, with the PBE value being almost 0.1 eV larger than the PW91 value. Note that for Al, unlike for Pt, the substantial difference between PBE and PW91 is seen also in the VASP PAW results. This might not appear to be a dramatic difference between two different functionals, but it is larger than expected for functionals that are commonly regarded as more or less identical. Indeed, the difference between PBE and PW91 is a good fraction of the difference between LDA and PBE, in particular for Al. It is thus clear that it is as important to distinguish if PW91 or PBE has been used in a calculation as it is to distinguish either of them from LDA.
For Al, the cell size and electronic temperatures used give converged monovacancy formation energies. As seen in Table II , LDA gives the monovacancy formation energy closest to the experimental value. However, the bulk properties are clearly best calculated with PW91 or PBE. This has been previously discussed and explained in Ref. 5, but will be revisited in the following sections. We will now return to the main focus of this paper, the differences in results obtained with the PW91 and the PBE functionals.
Removing an atom to create a vacancy in a bulk metal can be seen as creating an internal surface. Thus, it is reasonable to expect some similarities in the physics of vacancies and the physics of surfaces. [4] [5] [6] That PBE and PW91 give consistently different results for vacancies suggest that the cause lies in their treatment of surface regions.
Surface regions are low-density regions where the dimensionless gradient, s ͑Refs. 2 and 3͒, becomes large. It should be noted, however, that very low-density regions, that is, regions where s can be very large, do not contribute substantially to the total energy. This indicates that the differences in monovacancy formation energies obtained with PW91 and PBE, are due to differences in the functionals for moderate values of s, typically around s = 1, and densities of typically 40% of the average bulk densities. Indeed, examining Fig. 1 in Ref. 3 closely, it is clear that the enhancement factors of PW91 and PBE do differ for these values of s, even if it is not a very large difference. We can note, however, that compared to the LDA value at s = 0, the differences between PBE and PW91 are on the same scale as the differences between LDA and PBE. This is indeed seen in the values we present here for the monovacancy formation energy. These values of density and dimensionless gradient are not substantially different from values possible in a bulk calculation, still no differences show up in bulk properties. The resolution of this puzzle most likely lies in that bulk properties tend to be less sensitive to these small differences while properties connected to the surface region, like surface energies, directly pick up those differences. In order to further explore the differences between PW91 and PBE for surface properties we next compare the performance of PW91 and PBE for surface energy calculations using an idealized, well-controlled, model surface system.
III. SURFACE MODEL: THE JELLIUM SURFACE
To better understand the difference between the PW91 and PBE results for the monovacancy formation energy of metals, we will now examine a more abstract model system, the jellium surface. This model system has been used extensively before for evaluating and comparing functionals, such as PW91 and PBE. 4, 21 The purpose is to use a wellcontrolled system where differences in pseudopotentials and/or other computational details will not influence the results. This study gives us clean, uncontaminated, information about the real differences between PW91 and PBE. For a functional ⑀ xc ͑r ; ͓n͔͒, the jellium surface energy xc = ͐n͑z͓͒⑀ xc ͑r ; ͓n͔͒ − ⑀ xc LDA ͑n͔͒dz, where n͑r͒ is from a selfconsistent LDA calculation on a three dimensional, halfinfinite system with uniform background of positive charge n for z ഛ 0 and 0 for z Ͼ 0 ͑Ref. 7͒. The value of n is commonly expressed in terms of r s = ͓3/͑4n͔͒ 1/3 . The most accurate XC jellium surface energies are given by the "improved random-phase approximation" ͑RPA+ ͒. 23 In Table III we show the results for LDA, PW91, PBE, and RPA+.
A first observation in Table III is that LDA performs better than both PW91 and PBE for the jellium surface despite the individual exchange and correlation components being far off. Thus, there is a very large cancellation of errors between the exchange and correlation for LDA. The causes are well known. The LDA exchange-correlation combination is derived from a real model system ͑the uniform electron gas͒, making exchange and correlation approximations "compatible." To be more specific, there is a family of systems, the uniform electron gas, spanned by the free parameter of LDA ͑the density͒, where LDAs exchange-correlation is exact.
When LDA is applied to a non-uniform system, the errors in exchange and correlation tend to cancel. This benefit from using model systems as a basis for functional development is central in the subsystem functional approach for constructing functionals. 4, 24 The basic principle is to divide a system into subsystems where one type of physics dominates the behavior and, in each subsystem, to use a functional based on a model system that captures the essential physics. In Ref. 4 a functional is presented that can be used where parts of a solid state system can be considered to exhibit typical surface behavior, vacancies being a good example.
In contrast, PW91 and PBE are constructed from other principles. LDA fulfills a number of "exact constraints" that also hold for the exact exchange-correlation functional. PW91 and PBE satisfy additional exact constraints beyond those of LDA, but they do not satisfy the same set of constraints. PW91 is constructed to fulfill the second-order density-gradient expansion approximation for the exchangecorrelation hole around an electron and to be a close fit to a numerical GGA obtained from a real-space cutoff procedure 2,25 while PBE is motivated from that it reproduces a number of other known limits. 3 These fundamentally different derivations produce analytical forms of the resulting functionals that are very different. This is thoroughly discussed in Ref. 3 . We have not been able to clearly isolate a specific difference in the constructions of PW91 and PBE that accounts for the discrepancies studied here.
Focusing on the performance of PW91 and PBE in Table  III , we see that some cancellation of errors is present also for these functionals. Their performance at surfaces are different, however, both for exchange and correlation. Judging from the RPA+ values, PBE's performance at surfaces is better than PW91's, but still not as good as LDA's performance. As has been mentioned above, the differences in jellium surface energies are closely connected to the differences found in the monovacancy results. In the following, this connection is further enlightened by using the jellium data in Table III to derive simple PW91 and PBE surface intrinsic error 26 corrections to be used for correcting monovacancy formation energies of metals calculated with PW91 and PBE. We are using methods similar to those used in Refs. 5 and 6.
IV. SURFACE INTRINSIC ERROR CORRECTIONS
A functional's surface intrinsic error, evident in Table III , was first discussed in Ref. 26 , where a scheme for correcting this error was also outlined. In modified form, this correction scheme has been used to correct monovacancy formation energies 5, 6 and the work of adhesion of Pd on ␣-alumina.
27
However, it had been assumed that PW91 and PBE had the same surface intrinsic error and PBE corrections were applied to PW91 results. Given that the two GGA functionals behave differently for surface related properties, it is likely that these differences will express themselves in different correction terms for the surface intrinsic error. In this section we derive a surface intrinsic error correction specific for PW91, and also derive new simplified surface corrections for LDA and PBE. We find that the surface corrections for PW91 and PBE are indeed markedly different. We apply these corrections to monovacancy formation energy results presented here and in previous publications, confirming the conclusions in the previous works and providing a simple mechanism to remove both the surface error in the functionals and mitigate the effects of the differences between PBE and PW91 on surface-related systems. The key concept of the correction scheme for the surface intrinsic error is to use the known error of a functional in one system as a correction for the results, using the same functional, in a similar system with an unknown error. Here, we will use the known errors in surface energies for the jellium surface model system presented in Table III , that is, the surface intrinsic errors or ⌬ xc = ͑ xc − xc RPA+ ͒, as corrections for surface energies in general. For this purpose we construct functions that take r s = r s / a B as input, where a B is the Bohr radius, and give ⌬ xc as output. The expression to fit to the numbers in Table III Figure 1 shows the relative jellium surface energy error versus r s , and it is indeed seen that PW91 and PBE have quite different surface intrinsic errors and that different surface energy corrections are needed for these two functionals. A transformation of units from erg/ cm 2 to eV/ Å 2 results in Fig. 2 , where we have also renamed the jellium surface model system's surface energy error to a general surface energy correction. The dimensionless parameter r s can be transformed to a density which is the electron density inside the jellium system very far from the surface. We call this density the "bulk density" and in Fig. 2 we use Å −3 as its unit. 29 In order to be able to correct monovacancy formation energies, two additional quantities need to be determined. First, we need to decide what r s , or bulk density, we should use to obtain a value for the surface intrinsic error correction ͑see Fig. 2͒ . We have argued 5, 6, 27 that the actual bulk density is a good value to use in a metal vacancy system. Second, we need to estimate a surface area for the vacancy, to transform the surface energy correction to a vacancy formation energy correction. Here, we use the same estimates for these quantities that we have used previously.
The bulk density corresponding to Pt is 0.669 Å −3 ͑Ref. 6͒. The corresponding surface energy corrections are 0.038 eV/ Å 2 for PW91, and 0.028 eV/ Å 2 for PBE. Using the rather rough vacancy area estimates of Ref. 6 yields formation energy corrections of 0.64 eV for PW91, and 0.47 eV for PBE. Hence, the theoretically predicted difference between PW91 and PBE Pt monovacancy formation energies is 0.17 eV. This is larger than the actual difference found in the DFT calculations ͑see Table I͒, but this is not surprising since we are operating at the limit of accuracy for this rather simple correction scheme. The fact that the correction is in the right direction and on the correct energy scale is a clear indication that the differences in monovacancy formation energy and jellium surface energy are strongly correlated.
The simple correction scheme should, however, work very well for the free-electronlike Al charge density, and in Table IV we show corrected values for all three functionals and two different codes. All corrected monovacancy formation energies are between 0.05 and 0.1 eV larger than the experimental value ͑which has an errorbar of ±0.03 eV͒. The small spread in the corrected monovacancy formation energies indicates that the surface intrinsic error of the present functionals is the main culprit for errors in this quantity.
In Ref. 6 a correction derived for PBE was applied to PW91 monovacancy formation energy results. In Table V we instead use the PW91 correction derived in this paper to correct the PW91 monovacancy formation energy results of that paper. Note, however, that these monovacancy formation energies are calculated using ultrasoft pseudopotentials, 15 which possibly have affected the vacancy formation energy results as much as the difference between PW91 and PBE corrections ͑see Table I͒ . We do not apply any corrections to the Pt monovacancy formation energies presented in Table I since the Pt cell size we use in this work is too small for the result, even corrected, to be compared to the experimental value. Finally, we want to point out that the PW91 results in Refs. 5 and 27 are corrected with the PBE correction, which results in too low corrected values for the PW91 monovacancy formation energy and the PW91 work of adhesion, respectively. This does not, however, affect any of the major conclusions in either paper.
V. DISCUSSION AND CONCLUSIONS
In this paper we have shown that the differences between the PW91 and PBE functionals indeed can give noticeable differences in calculated properties of real systems. In particular we have presented surprisingly large discrepancies in results using PW91 and PBE for calculation of properties where surface effects are present. Specifically, we have studied the monovacancy formation energy of Pt and Al, and jellium surface energies. Furthermore, we have shown how the results for these two types of systems are connected. The difference between PW91 and PBE is evident in Figs. 1 ͑Bohr radius͒ −3 . For the Pt vacancy calculations we used an energy based convergence criteria; the SC loop was terminated when the cell energy of consecutive steps changed less than 1 ϫ 10 −5 Ry.
VASP
The Perdew-Zunger correlation 32 is used in the LDA calculations. The official VASP pseudopotentials are used. The equilibrium lattice constant a 0 and bulk modulus B 0 are obtained from the energy minimum given by a fit of at least seven points, centered around the cell volume at equilibrium V = V 0 , to the Murnaghan equation of state. 31 The vacancy cell is geometrically relaxed and both vacancy and bulk cells are volume relaxed.
Common settings for all the Pt PAW calculations are: plane wave cutoff 300 eV, augmentation 600 eV, electronic iteration cutoff 10 −5 eV, and a Fermi smearing of 0.10 or 0.0408 eV as indicated in Table I . The calculations use a PAW potential with recommended cutoff energy ͑ENMAX͒ 230.228 eV for LDA, ENMAX 230.277 eV for PW91, and a PAW potential dated 05Jan2001 with ENMAX 230.283 eV for PBE. We here use ENMAX to identify the potential used. The LDA and PW91 calculations use an ionic relaxation cutoff of 0.005 eV/ Å while for PBE 0.01 eV/ Å was used. Remaining forces on the ions were less than 0.006 eV/ Å, even for PBE, and thus this difference does not explain the deviating result for VASP PAW PBE in Table I . The Pt US calculations are taken from Ref. 6 .
For the Al PAW calculations, common settings are: plane wave cutoff 320 eV, augmentation 640 eV, electronic iteration cutoff 10 −5 eV, a Fermi smearing of 0.10 eV, and an ionic relaxation cutoff of 0.005 eV/ Å. The calculations use a PAW potential with ENMAX 240.957 eV for LDA, ENMAX 240.437 eV for PW91, and the Al_h 08Apr2002 potential with ENMAX 294.838 eV for PBE.
SEQQUEST
We used SEQQUEST only for Pt calculations. The PerdewZunger correlation 32 is used in the LDA calculations. The atomic configuration for the PP generation is d9s0.5 ͑i.e., net charge +0.5͒. We include up to l = 2, with the l = 2 channel used as the local potential. The l = 0 and l = 2 channels use Hamann's default settings. For the l = 1 channel a linearization energy e p = 0.01 Ry is used with R p = 1.56 Bohr radius for LDA and 1.57 Bohr radius for PBE and PW91. The basis set used is a "valence double zeta plus polarization" ͑DZP͒ one, that is, two radial degrees of freedom are used for s and d, while one is used for p. The Pt basis, designated 4s2p5d /2s1p2d, has four Gaussians functions for the s-orbital contracted into two independent radial functions, two Gaussian functions for the p-orbital contracted into a single radial function, and five Gaussian functions for the d-orbital contracted into two independent radial functions, multiplied by appropriate angular factors. This equals 15 total basis functions/atom ͑2s +3p +10d͒. The specific Gaussian functions are different for LDA, PBE, and PW91, but are approximately equal. For all functionals the outermost ͑smallest͒ Gaussian function is for s ϳ 0.08, for p ϳ 0. and an r-mesh= 18 3 , equivalent to a k-mesh= 4 3 and an r -mesh= 72 3 for the 64-atom cell. By performing 64-atom bulk crystal reference calculations at optimal a 0 for a given PP/functional/basis we verified that E͑64-atom cell͒/ 64ϳ E͑1-atom cell͒ with a difference less than 10 Ry/ Pt. A Fermi smearing temperature of 0.003 Ry was used. Increasing the temperature from 0.003 to the 0.015 Ry used in the SOCORRO plane-wave calculations increases the monovacancy formation energy, see Table I . *Electronic address: aematts@sandia.gov †
